Objective: to provide an overview of robot-assisted rehabilitation devices developed for actuation of the ankle-foot complex and their ability to influence the attributes of normal gait in patients with spinal cord injury. Methods: A search was conducted in MeDliNe, web of Knowledge, National Academic Research and collaborations information System, and Physiotherapy evidence Data base (1985-2011), using, "ankle", "foot", "robotics", "orthotics" and "spinal cord injury" as most relevant keywords. Article inclusion was performed in 3 stages; at the level of: (i) title, (ii) abstract and (iii) full text. Results: the actuated ankle-foot orthoses currently available are characterized by several combinations of an actuator and a control mechanism. Both the actuator and the control strategy substantially influence human-machine interaction and therefore the potential of the device to assist in modifying locomotor function and potentially modify the underlying motor control mechanisms. Conclusion: Due to small sample sizes, limited studies in patients with spinal cord injury, and limitations in study design, it is difficult to draw firm conclusions on the effect of different types of actuated ankle-foot orthoses. Based on the limited data available, pneumatic artificial muscles in combination with proportional myoelectric control are suggested to have the potential to meet most of the preconditions to restore the attributes of normal gait and therefore facilitate neuroplasticity.
The global annual incidence of traumatic spinal cord injury (SCI) is estimated to range from 10.4 to 83 new patients per million individuals, not including individuals dying before hospital admission (1, 2). Spinal lesion is characterized by a partial or complete transection of the ascending and descending pathways that ensure communication between spinal and supraspinal locomotor centres (3). This communication deficit may lead to systemic problems and severe and long-term deficits, including abnormal posture and locomotor dysfunction. A major component leading to motor impairment in SCI is the decrease in muscle function (4) due to muscle weakness and slowness in voluntary torque development and, to a lesser extent, the deficit in dexterity (the ability to coordinate muscle activity to meet environmental demands) (4) (5) (6) (7) (8) . However, following SCI, and especially following incomplete spinal lesions, patients do show considerable recovery in muscle strength (8-10), locomotor independence (8, 11) and even gait function (8, 12) .
under normal circumstances, neuromotor control of gait is based on a hierarchical system in the central nervous system (13). At the level of the spinal cord, spinal central pattern generators (CPG) are defined as networks of nerve cells that generate movements. They contain all the information necessary to activate motoneurons of flexor and extensor muscles in the appropriate sequence and intensity to generate human gait (14) (15) (16) . Although the CPGs are capable of generating movement independently of sensory input, the basic locomotor pattern is under the constant influence of central, supraspinal and peripheral input (13, 14, 17) . In patients with SCI, input from the cerebral cortex is partly or completely deprived. In spite of the absence of supraspinal input, the timing and sequence of motoneuron activation provided by the CPGs is preserved at the spinal levels below the lesion site. Therefore, peripheral afferent input plays an even more crucial role in activating and modulating the remaining CPG activity (13, (17) (18) (19) . To facilitate CPG activity through appropriate afferent peripheral input, repetitive execution of the specific task at hand and minor step-to-step variability is essential (3, (20) (21) (22) (23) (24) . Crucial peripheral afferent input for achieving normal human gait, and thus task-specific training, was previously identified to relate to hip joint position and proprioceptive input by load receptors located in the extensor muscles and by mechanosensors in the sole of the foot, similar to normal overground walking (13, 17, 19, (25) (26) (27) (28) (29) (30) . Afferent input from the hip joint plays a key role in modulating the muscle activation pattern for initiating stance to swing transition during normal human gait (29, 31) . The significance
THe Added vAlue oF AN ACTuATed ANkle-FooT oRTHoSIS To ReSToRe NoRMAl GAIT FuNCTIoN IN PATIeNTS wITH SPINAl CoRd
INJuRy: A SySTeMATIC RevIew of loading for regulation of stance and gait has been confirmed in healthy subjects and patients with SCI. Through spinal reflex pathways, the load-related afferent input provided by the extensor muscles and mechanosensors in the sole of the foot contribute to the adaptation of the locomotor pattern to the ground conditions (29, 31, 32) . This task-specific training is often achieved during treadmill training (33) (34) (35) . Two forms can be distinguished: (i) body-weight support treadmill training (33) (34) (35) , and (ii) robotassisted gait training (RAGT) (36) (37) (38) (39) . Currently, the common approach for RAGT is the application of a mechanically driven gait orthosis (dGo) to provide active guidance of the hip and knee joint according to a predetermined kinematic trajectory. However, most of these devices largely neglect the ankle-foot complex (AFC), despite its crucial role in contributing to normal human gait function. Based on the documented importance of afferent input of load receptors located at the level of the AFC in the process of gait recovery, the extension of a dGo with ankle-foot actuation might further facilitate motor recovery in patients with SCI. This review focuses on the potential added value of isolated ankle-foot actuation in restoring the attributes of normal walking, and therefore on their role in facilitating motor recovery in patients with SCI. Furthermore, this review critically evaluates the added value in a dGo and discusses the feasibility of this approach in optimally synchronizing the actuation of multiple joints of the lower limb orthosis.
MeTHodS
A comprehensive search of a selection of the english, German, French and dutch literature was conducted through multiple databases (MedlINe, ISI web of knowledge, Physiotherapy evidence database (Pedro), National Academic Research and Collaborations Information System (NAR-CIS) and Cochrane Controlled Trails Register), using keywords combined through Boolean operators ("ANd", "oR" and "NoT") ( Table I) . The selection procedure used to compile a list of appropriate surveys comprised 3 stages. The first stage was a selection based on the presence of predetermined keywords and/or keyword combinations in the title (Table II) . In the second stage the abstracts of the relevant publications retained from stage one were evaluated by two independent researchers based on contents, using appropriate inclusion and exclusion criteria (Table III) . The third stage involved a methodological quality assessment of the relevant studies by two independent researchers (Table Iv) . The quality of the individual studies was assessed through a set of generic core items for quality assessment derived from "The evaluation of descriptive research" by Ball et al. (40) . The quality assessment scale was modified for descriptive studies and appended with a list of self-afflicted criteria. Two researchers scored the studies independently. In case of conflicting opinions, a consensus was reached by negotiation. If no consensus was achieved, a third independent observer made the final decision. Cohen's kappa was used to test interrater reliability between the two evaluators. The consecutive stages of the selection procedure are summarized in Fig. 1 .
ReSulTS

Methodological quality assessment
Initially there was disagreement between the two raters about inclusion or exclusion of the studies based on abstracts for 6 of the 36 items, resulting in a Cohen's kappa score of 0.80.
Methodological quality assessment by two independent raters resulted in an initial disagreement over 43 of the 456 items in the quasi-and pre-experimental trials, resulting in a Cohen's kappa of 0.79 (Table Iv) . After using the consensus method, the mean score on the quality evaluation of the intervention studies equalled 22/40 (standard deviation (Sd) 3.14).
Descriptive assessment
An overview of the most important parameters described in the studies included in this review is presented in Table Iv. 1) Actuated ankle-foot orthosis design: description of actuator and control system
• Actuator. In the actuated ankle-foot orthoses (AAFo) design, two types of actuators are used: pneumatic artificial muscles (PAM) and series-elastic actuators (SeAs) ( Table v) . PAM produce joint torque by (de)pressurizing the pneumatic muscle (41). PAMs are built up by an inflatable inner bladder sheathed with a double helical weave (42). When filled with pressurized air the artificial muscle expands and shortens, producing force (43). The SeAs are an actuator built up by a spring in series with a motor (electrical, hydraulic, pneumatic or other traditional servo system) and produce torque by activating the motor, resulting in a linear movement (44).
• Control systems. Control systems manage the actuation of the AAFo based on real-time data collected during gait. This data can relate to gait parameters, kinematics, kinetics or myoelectric signals. using this information as input, the controller provides an appropriate output signal to the actuator driving the orthosis. To date, 5 types of control strategies have been predominantly used: (i) on/off control, (ii) proportional myoelectric control (PMC), (iii) position control, (iv) explicit force/torque control, and (v) impedance control (Table Iv) .
An on/off control system generates a real-time signal to control the torque provided by the actuator (41, 45 ). An on/ off control system manages the torque production of the actuator based on the signal sent by a footswitch, a force sensor or a push button. when the analogue signal coming from a footswitch or a force sensor exceeds a predefined threshold the pressure regulator provides for maximal torque (46). The push-button controller exhibits linear behaviour, proportionally to the displacement of the plunger (47).
Proportional myoelectric control (PMC) is a physiologically-inspired control system, using the subject's own surface electromyography (eMG) to control the timing and magnitude of the force produced by the PAM (48-51).
Position control uses the patient's instantaneous position and velocity as a feedback signal in order to achieve a desired/ideal position profile in time by adapting the actuator force/torque (i.e. the position profile of a healthy subject, of the patient during unactuated walking with the AAFo or the mean position profile of a healthy population).
explicit force/torque control aims to apply a desired force/ torque by means of the actuators applying the patient's own joint force/torque as a feedback signal.
Impedance control is an implicit force/torque control, in which the applied force/torque is related to the deviation from a target trajectory, through a desired, adjustable mechanical impedance. The force/torque resulting from this impedance drives the orthosis towards the target trajectory.
2) effect of the different designs in actuated ankle-foot orthoses on gait. The orthotic designs published in the literature can be subdivided into 4 categories
• Ankle-foot actuation through PAM and SEA controlled by an "on/off" controller. Gordon et al. (45) and Sawicki et al. (47) combined PAMs with an "on/off" control system, in the form of a footswitch and a handheld push-button, respectively. In healthy subjects, walking with an AAFo based on footswitch control system in combination with PAM results in hip, knee and ankle joint kinematics similar to normal overground gait kinematics following an adaptation period (45). In patients with SCI, plantarflexion assistance improves the ankle kinematics at push-off (increased ankle plantarflexion), but decreases the hip range of motion at low walking speed. These changes in joint kinematics are accompanied by a decrease in activation amplitude of the M. soleus and the M. rectus femoris (50). Plantarflexion assistance provided by a therapist-controlled push-button increases the ankle range of motion, but decreases the hip range of motion during push off in patients with SCI.
In case of push-button control handled by the patient, the overshoot in plantarflexion torque generated by the AAFO decreases compared with therapist control (47). when the on/off control (footswitch) is combined with a SeA the AAFo principally induces joint kinematics similar to normal overground walking in healthy subjects (52). Step length (0,3; 1,0;1,2;1,4 X PSl) 2) Pass. AAFo (7 min.)
Step length (0,3; 1,0;1,2;1,4 X PSl) 3) Rust (3 min.) (41, 43, 51, 54) . despite the fact that the powered AFo replaces part of the ankle torque, healthy subjects show ankle, knee and hip kinematics similar to normal gait following this adaptation period (41, 43, 45, 51, (53) (54) (55) (56) . When plantarflexion is applied bilaterally, assistance results in an increased plantarflexion angle during early stance and at push-off compared with normal walking (49, 51). These differences in ankle joint angle can be attributed to the increased mechanical performance achieved through bilateral plantarflexion actuation instead of unilateral assistance (45, 49, 53) . Following the adaptation period, the muscle activation amplitudes return to values comparable with normal overground walking, except for the muscle providing the control signal for the ankle-foot actuation. These muscles remain below their normal overground gait value (41, 43, 51, (53) (54) (55) . AAFo providing dorsiflexion actuation are scarce (55). Dorsiflexion actuation of the AFC using the eMG signal of the M. tibialis anterior in healthy subjects was applied through two types of PMC: (i) continuous control (CC) and (ii) swing control (SC). CC provides active dorsiflexion assistance both at heelstrike and during swing, whereas SC supplies dorsiflexion assistance during swing (55). Both control strategies resulted in gait adaptation, though joint kinematics and muscle activation patterns generated by the SC correspond best to normal gait (55).
• Ankle-foot actuation through SEAs controlled by impedance control. Blaya & Herr (57) used SEAs in combination with impedance control for RAGT in patients with drop foot. SeAs with constant impedance control, better control excessive plantarflexion angle in patients with drop foot. However, SeAs, with variable impedance control, resulted in a better temporal and spatial symmetry between the affected and unaffected side in patients with drop foot during dorsiflexion-assisted walking (57). No studies describe the initial response to this type of AAFo during the adaptation period, nor is there information on the influence of AAFO on gait performance in healthy subjects.
3) Integration of ankle-foot actuation in a dGo extending the ankle-foot orthosis to a knee-ankle-foot orthosis presents additional challenges. despite the potential value of PMC to achieve joint kinematics similar to normal overground walking in an ankle-foot orthosis, its application in a kneeankle-foot orthosis results in an increased flexion pattern at the knee and ankle joint, in combination with excessive M. soleus and M. tibialis anterior activation amplitudes (45, 48-51, 53, 58) . The addition of a flexor inhibitor algorithm to the standard PMC reduces this artificial muscle co-activation and produces ankle and foot joint kinematics and kinetics similar to normal overground walking (50). There have not yet been any publications on the implementation of an AAFo actuated by SeAs into a dGo.
dISCuSSIoN
Rehabilitation devices targeting gait re-education in patients with incomplete SCI should act mainly on the attributes of human walking by providing afferent input at the hip position and load receptors of the foot resembling normal treadmill walking. In addition, they allow the minor step-to-step variability necessary to achieve plasticity of the CPGs. despite progress in the field of rehabilitation robotics, recent research is not conclusive on the additional value of RAGT for patients with SCI (36). This might be attributed to the fact that currently designed dGos solely actuate the knee and hip joint, thereby neglecting the need to restore afferent input from the load receptors (36). The purpose of this review is to focus on the potential added value of isolated ankle-foot actuation on the attributes of normal walking known to facilitate motor recovery in patients with SCI. Furthermore, we will critically assess its added value in a dGo.
Characteristics of actuator and control types in AAFO
Two different actuator types (PAM and SeAs) and 5 types of control mechanism (PMC, on/off control, position control, explicit force/torque control, and impedance control) for the different AAFo are reported in the literature. Both actuator types present inherent compliance, attributable to the compressibility of air in the PAM and to the presence of an intentional spring, in series with a motor, in SeAs. despite the fact that both actuator types are characterized by a low-weight high-power output and provide for inherent compliance, they present specific differences: in view of the autonomy of the driven gait orthosis, SeAs is preferred over PAM for overground walking. The exoskeletons using PAM as an actuator are limited to laboratory use as they require a large source of compressed air. SeAs, on the other hand, use batteries integrated in the exoskeleton for power supply, allowing autonomous overground walking. when comparing the different control mechanisms applied in AAFo, on/off control, position and force/torque control have a clinical advantage as they use the patient's own gait parameters (i.e. heelstrike), joint kinematics and force pattern as an input signal to determine the orthosis output. when the patient deviates from the "ideal joint position/force output" or is unable to initiate the movement, the actuators are activated and guide the AFC to the "ideal" joint position or force/ torque. As these control types do not require gait initiation by the patient him/herself and are able to provide assistance-asneeded, these types of control systems lend themselves excellently for application in complete (no eMG activity) as well as incomplete SCI patients (minor or distorted eMG activity). As PMC uses the patient's own EMG signal as a feedback signal for orthotic control, PMC is limited to application in a patient population showing some recuperation in muscle activity following SCI.
when evaluating the different types of control systems from a clinical perspective, it is obvious that PMC, as well as force/ torque and position control allow for a more natural response in orthosis dynamics compared with on/off control. Firstly, the abrupt transition from no/minimal torque to maximal torque in the on/off control results in a non-human orthosis output. Secondly, the input signal to the control system is not related to the patient's own joint kinematics or muscle activation. Thirdly, on/off control is a non-compliant control type, excluding the integration of step-to-step variability in the orthosis output and reducing human-robot interaction. Torque/force control and position control, on the other hand, are non-compliant control systems; though, by adding an additional controller, variability can be introduced. PMC closely approaches the physiological functioning of the nervous system and provides for a graded response in orthosis dynamics. Finally, PMC allows for stepto-step variability enhancing motor learning.
Influence of actuator and control type on primary factors enhancing neuroplasticity
The primary factor that contributes to gait recovery in patients with SCI, and thus to appropriate activation and modulation of the CPGs, is appropriate peripheral afferent input related to hip joint position and load receptors, providing proprioceptive input from the leg extensor muscles and exteroceptive input from the mechanoreceptors at the level of the foot (23, (25) (26) (27) (28) (29) 59) . Results indicate that walking with an AAFo provides hip and knee joint kinematics closely resembling normal overground walking for healthy subjects, regardless of the control-actuator combination used to drive the ankle-foot. This means that, irrespective of the AAFo design, actuation of the ankle-foot does not influence hip joint kinematics (41, 43, 45, 51, (53) (54) (55) (56) . during the adaptation period, ankle-foot actuation results in a temporary change in joint kinematics and muscle activation (41, 43, 49, 51, (53) (54) (55) . In subsequent training sessions the duration of this adaptation period decreases. The shorter adaptation time for subsequent sessions suggests healthy subjects formed and stored internal models of system dynamics (i.e. a lasting representation of limb dynamics when wearing the AAFo) for locomotion. Since the purpose of an AAFo is to provide adequate afferent input related to hip joint position and load receptors at the level of the extensor muscles and the foot, the adaptation time should be decreased to a minimum. A short adaptation time suggests that the actuator-control combination more closely approaches the physiological process and simplifies determining the relationship between muscle activation and orthosis assistance, and thus facilitates motor learning. Following the initial adaptation period, healthy subjects achieve sagittal plane kinematics more closely approaching normal overground walking in all actuator-control combinations (51). These changes in joint kinematics are accompanied by muscle activation amplitudes returning to values comparable to normal overground walking, except for the muscle for which the eMG signal is used as control signal. The activity of these muscles decreases below their normal overground gait value (41, 43, 51, (53) (54) (55) . If similar mechanisms can be assumed in patient populations, this mechanism has the potential to contribute to a more appropriate afferent input from the mechanoreceptors at the level of the AFC (51).
despite the fact that AAFos contribute to afferent peripheral input similar to normal overground walking, it does not always produce functional meaningful afferent feedback. during dorsiflexion actuation, for example, the AAFO provides for pressure at the plantar surface of the foot, and thus contributes to inappropriate afferent input during the swing phase. This inappropriate afferent input is inherent to the system used. An additional factor contributing to inappropriate afferent input is the restriction to 1 degree of freedom, differing from normal ankle joint kinematics during normal overground walking. Although both methods improve joint kinematics, PMC in combination with PAM induces joint kinematics more closely resembling a normal kinematic pattern compared with an "on/ off" control system (41). A possible explanation for these differences could be the fact that the PMC is a more physiologically inspired control system that more closely resembles the normal physiological control used by the nervous system to generate motion. Consequently, ankle-foot actuation through PMC might be experienced as a relatively minor change compared with normal control, whereas a footswitch provides for a more non-natural substitution for neuromotor control (41). A second possible explanation is that the "on/off" controller evokes too much ankle torque, due to the fact that the level and timing of the control system is inadequately tuned (41). When applied for dorsiflexion actuation, PMC through swing control is preferred over continuous control: with swing control inducing joint kinematics and muscle activation patterns best corresponding to normal gait (55).
The second critical factor in enhancing normal neuromotor control of walking is the presence of a critical level of stepto-step variation (60, 61) . In the AAFo designed step-to-step variation can currently be introduced in two ways: (i) at the level of the control system and (ii) at the level of the actuator. Compared with an "on/off" and a position control system, PMC lends itself excellently to achieving step-to-step variability. Proportional myoelectric control uses the subject's own EMG signal to control the assistance provided by the AAFo. The rationale for the implementation of a patient's own weak and disordered signal to guide an AAFo is based on the principals of plasticity of the CPGs. Proportional myoelectric control of PAM on a robotic orthosis provides a means of amplifying the consequences of the electrical signal sent to the muscles, making it easier for the nervous system to detect performance error and alter the subsequent electrical commands to the muscles (46, (62) (63) (64) (65) (66) . At the level of the actuator, PAMs as well as SeAs are characterized by an intrinsic compliance. The beneficial effect of performance errors on the functioning of CPGs is proven (60, 61), although, to date, no clear consensus exists on the relative compliance of the different systems available, nor on the critical amount of step-to-step variability necessary to achieve maximal known adaptation. Therefore, it is difficult to judge which combination will provide the largest amount of adaptation.
despite the large number of AAFo described in the literature, studies evaluating their ability to satisfy the attributes of walking in patient populations are limited (47, 67) . Preliminary test results in incomplete SCI patients show that plantarflexion assistance through PAM, in combination with an "on/off" control system, contributes to joint kinematics more closely resembling joint kinematics during normal overground walking. This might contribute to instantaneous improvement in afferent input from mechanoreceptors at the level of the AFC during push-off. On the other hand, plantarflexion actuation results in a decrease in hip range of motion at low walking speed, amounting to a less favourable situation for CPG activation. The additional load of the AAFo is possibly attributable to this. Some concerns can be formulated in relation to the application of AAFo for the restoration of normal human gait in patients with SCI. First, the isolated AAFo is only suitable for a limited patient population characterized by minor muscle weakness in the lower extremities or with an isolated drop foot. For more severe SCI patients, the AAFo might serve clinical goals if implemented in a dGo, mutually actuating the knee and the hip joint. The implementation of ankle-foot actuation in a dGo entails the creation of a closed chain at the level of the lower limb, leading to additional conflicts. When the lower limb is actuated at the level of the hip and knee joint, but no ankle-foot actuation is implemented, minor irregularities or minor deviations from the hip and knee joint trajectory can be compensated for at the level of the foot. when the foot is restricted to a single-dimensional specific joint pattern, this might cause a conflict at the level of the hip and knee joint. Therefore, the inclusion of an AAFo in a dGo needs to be considered carefully. Although, in healthy subjects an AAFo does not affect hip or knee kinematics this should be evaluated explicitly in patient populations with motor impairments.
There are several questions that require further investigation. Instead of solely evaluating the instantaneous effect of ankle-foot actuation, future research should focus on the evaluation of both the short-and long-term influence of gait rehabilitation training. Research could focus on the application of different AAFO in specific groups of patients with SCI, in order to determine whether improvement is actuator-and/ or control-specific and to determine from which AAFO a particular patient benefits most. The implementation of an additional functional, clinically relevant parameter, in the form of plantar pressure measurements, might allow conclusions to be drawn about changes in foot enrolment/foot-to-ground contact and consequent sensory input. with the exception of two research groups (67, 68), most AAFo currently restrict the ankle-foot actuation to 1 degree of freedom, simplifying the ankle joint to a hinge joint and considering the foot as a single rigid body. This is in strong contrast with the functional anatomical perspective of the AFC, which consists of the talocrural, talocalcaneonavicular and subtalar joints, which each allow 3-dimensional movements. Furthermore, the coupling of the individual bones occurring at the level of the synovial and syndesmotic junctions of the foot affects foot enrolment and may change foot-to-ground contact. Therefore, in order to enhance correct afferent input, the implementation of extra degrees of freedom might be advisable.
In conclusion, the mutual interaction of the actuator and control type applied in a robotic exoskeleton has a substantial influence on human-machine interaction and the modification of normal locomotor function. For that reason, both the actuator type and the control system should be taken into account when drawing definite conclusions on the most appropriate design to achieve and stimulate optimal recovery. despite the shorter adaptation time and similar muscle activation encountered in
